I
t all began for me in Florida in the late 1970s when a USDA Soil Conservation Service (SCS) soil scientist became friends with a NASA engineer at the Kennedy Space Center. The soil scientist recognized that manual and mechanical augers and probes provide highly needed and detailed soil information but were also slow and tedious to use, thus limiting the number of observations that could be made. The soil scientist and NASA engineer wanted a faster and less labor-intensive tool that could be used to increase the quality and quantity of soil information. In 1979, in a cooperative project, USDA-SCS, NASA, and the Florida Department of Transportation studied the use of resistivity and groundpenetrating radar (GPR) in soil survey (Benson and Glaccum, 1979; Johnson et al., 1979) . Aft er reviewing the existing literature, the group decided that GPR would off er the greatest possibility.
Working with a geophysical company (Technos, Inc., Miami, FL), more than 12 km of continuous radar data were collected at sites in Polk and Hardee Counties, Florida. A conclusion drawn from this study was that GPR provides a means of obtaining a large quantity of detailed soil information in a relatively short time (Johnson et al., 1979) . Furthermore, these researchers observed that "borings are needed to establish ground truth for [radar] signatures" and that once correlations between borings and radar imagery have been developed, "lateral extension of information can be made with a high degree of accuracy without additional borings" (Johnson et al., 1979) .
Shortly aft er the study by Johnson et al. (1979) , a brief article about it appeared in a newslett er by USDA-SCS (1980) . At that time, I was a soil scientist in North Dakota. When I read the article, I remember saying to my soil survey party members, "Those turkeys in Florida think that they can map soils with radar." Shortly aft er the article was writt en, a GPR unit was purchased, and a vacancy announcement for a GPR operator in Florida was issued. Well, at that time, I thought that I had too many North Dakota winters and needed to get back East. No one in Florida seemed to want the job, and I had some experience with a diff erent type of radar in the Navy, and so began one of the most rewarding and enjoyable rides of my life.
Shortly aft er arriving in Florida, I was sent to New Hampshire for radar training at Geophysical Surveys System, Inc. (GSSI). I was accompanied by Dr. Ron Patezold, a soil physicist with SCS, who was then assigned to a USDA Agricultural Research Service (ARS) facility in Beltsville, MD. Ron was interested in using GPR to assess variations in soil moisture content. Ron and I would take turns either operating the radar control unit or pulling the radar antenna across a test area. In order to make the best interpretation, Ron would "over gain" while I tended to "under gain" the radar signal. Less rather than more information provided me with a bett er image on which to make my interpretation, and for Ron, it was the opposite. There is no cookbook sett ing with GPR, and so the lesson learned was that GPR results depend on the interpreter.
While att ending classroom sessions at GSSI, my att ention was oft en distracted by a large map on a wall that showed the eff ective ground conductivity for the conterminous USA. This map was developed by the Federal Communication Commission in 1954. The performance of GPR depends on the electrical conductivity of soils. Soils having high electrical conductivity rapidly att enuate radar energy, restrict penetration depths, and severely limit the eff ectiveness of GPR. The FCC map (Fine, 1954) provided general guidance as to suspected rates of signal att enuation, penetration depths, and relative suitability of GPR within different areas of the United States. Because this map was prepared at a small scale (1:2,500,000) and from a limited sample population (7,000 ray paths and 127 soil samples), broad generalizations were naturally made. While I didn't know it at the time, this map would play a major role in my GPR career. Oft en times, I would get a call asking if GPR would work in a specifi c soil or area of the country. I would look at a copy of this map, which was hung over my desk, and answer "yes" or "no" based on the observed radar performance for the eff ective conductivity values given for Florida and in other areas that I had worked with GPR. As far as the property or target in the soil that the radar was going to be used to detect, I had no clue unless I had already tried to identify it in Florida.
This map of effective ground conductivity provided early guidance as to the use of GPR for soil investigations in different parts of the USA.
In my early GPR days, litt le was known about the performance of GPR in diff erent soils. Ground-penetrating radar was a relatively new technology, and very litt le was known or writt en about its use. The fi rst commercially available GPR had only been marketed in the mid-1970s. In one of the earlier references on GPR, the dielectric permitt ivity for "average soil" was listed as 16 (Morey, 1974) . This "average" soil would elude me throughout my GPR career. Soils are too spatially and temporally variable for an "average" value to have signifi cance.
My First Radar Unit
My fi rst radar unit was extremely bulky and cumbersome. Typically, in relatively open areas, the control and recording units were housed in a vehicle with an antenna towed in a sled behind this mobile platform. The unit was powered by the vehicle's batt ery. In more inaccessible areas, the unit was carried into a site with either a generator or a set of marine batt eries for a power source. In many inhospitable terrains (e.g., steeply forested, densely vegetated), this was a most onerous task that I never looked forward to. The transmission line, which connected the control unit with the antenna, was 30 m long. As a result, an area with this radius could be surveyed around the control and recording units before these components needed to be repositioned. Radar data were displayed on an oscilloscope and strip charts. Interpretations were made directly from raw data on strip charts. There was a tape recorder, but it was not intended for fi eld use and never worked well. Available signalprocessing techniques were extremely primitive and largely borrowed from the seismic community.
The fi rst radar unit that was purchased by USDA consisted of a control unit (A), power distribution unit (B), tape recorder (C), and graphic recorder (D). Three antennas were also purchased with this unit, operating at a center frequency of 80, 120, and 300 MHz.
Florida possesses optimal soil conditions for the use of GPR: extensive areas of electrically resistive sands. My fi rst venture out of Florida was in 1983 to Texas and Oklahoma for both soil and engineering GPR studies. My fi rst location was near Hondo, TX. I still can recall the scene as I drove up to the site along the highway. The SCS state soil scientist had gathered a very large crowd of highway department offi cials, SCS soil scientists and engineers, and university faculty and students to witness the radar chart the depth to bedrock. That was one of the longest days of my career. Texas is not the sand pile that Florida is, especially along the highway northeast of Hondo. With the GPR, I never saw the bedrock until it was exposed at the surface. Well, that day, I learned to appreciate soils with high clay contents and expansive clay mineralogy. The lesson learned was that GPR results are site specifi c and soil dependent.
Early radar units were bulky and cumbersome. In relatively open areas, mobile surveys were conducted towing the antenna behind a vehicle (A). In more inaccessible areas, the GPR unit had to be carried in and powered off a generator with the antenna limited to a 30 m search radius (B).
By the mid 1980s, the reality that many soils were unfavorable to GPR began to temper the initial excitement and expectation for this technology (Annan, 2002) . However, the director of the Soil Survey Division wanted me on the national staff in order to facilitate the use of this technology across the USA. In 1985, I was assigned to the Northeast National Technical Center (NENTC) in Chester, PA. In 1987, I was reassigned to the National Soil Survey Center in Lincoln, NE, but stationed at the NENTC.
The use of GPR gradually expanded in soil science and agriculture. In 1986, a small group of soil scientists representing USDA-SCS, USDA-ARS, and the University of Florida got together in Tift on, GA to discuss GPR and the challenges that they were facing. They were joined by geophysicists from the USA and other countries. In 1988, the University of Florida and USDA-SCS hosted the Second International Symposium on Geotechnical Applications of Ground-Penetrating Radar in Gainesville, FL. Following these meetings, an international conference on GPR has been held every two years in countries around the world. Presently, the 14th International Conference on GPR (GPR2012) is being hosted by Tongji University, in Shanghai, China. It is always a pleasurable thought that these conferences were begun by a small group of soil scientists wanting to know more about GPR.
'Dog and Pony Show' Days
During my fi rst 10 years with GPR, this geophysical method was on a wide variety of soils in diff erent physiographic regions throughout the USA. These were the "dog-and-pony show" days of my career: Ground-penetrating radar was a novel tool in soil survey, and many soil scientists wanted to see it demonstrated on their soils. More oft en than not, soils that were unfavorable for GPR were selected and results were disappointing. However, knowledge in the form of a geographic perspective into the soil properties that infl uence GPR did come out of these setbacks. It must be said that in many studies, GPR did provide accurate and detailed information. During this period, it was principally used to evaluate soil properties and estimate the variability and the taxonomic composition of soil map units. In this capacity, GPR was repeatedly used to chart the lateral extent and depth of soil horizons; delineate pans, water tables, and bedrock and stratigraphic surfaces; assess soil compaction and plow pan development; and infer variations in soil texture, organic matt er content, humifi cation, and cementation.
I always felt that GPR is a relatively expensive tool that must be kept in use and in the fi eld rather than sitt ing on a shelf. In addition, I always felt a need to seek out new avenues of application and provide service to all potential customers. In the late 1980s, aft er completing back-to-back assignments using GPR to non-destructively detect brown rot and hollows in standing trees in Mississippi and to map the distribution of pocket gopher burrows in Kansas, my supervisor referred to me as a "loaded, misdirected cannon." I missed the point and considered his statement as a compliment.
In the mid-1990s, GPR transitioned from analog to digital systems. Radar units became increasingly smaller, lighter weight, and less expensive. Each new unit provided increased capabilities. Pedestrian surveys, with the GPR control and recording unit att ached to a harness worn by the operator, became the standard fi eld protocol.
In the last 15 years, signifi cant advances have occurred and at an accelerated rate in GPR technology. My fi rst radar unit was a subsurface interface radar (SIR)-8 system, which I used for 15 years. In the last 15 years, I have gone through three diff erent radar systems: SIR-2, SIR-2000, and SIR-3000. All of these succeeding units provided increased capabilities and advantages for soil investigations.
In the late-1990s, signal processing matured, opening new windows of opportunity for GPR. Today, advanced signal-processing techniques are routinely used in many applications, and processing has become the "key" to modern GPR interpretations. The use of advanced processing techniques has greatly improved the characterization of some subsurface features.
It was becoming evident at this time that the map prepared for the FCC was too coarse and inaccurate to guide GPR applications. In 2002, collaborative work by soil scientists and GIS specialists from the USDA-NRCS National Cartography and Geospatial Center, National Soil Survey Center, and National Geospatial Management Center resulted in the development of the Ground-Penetrating Radar Soil Suitability Map of the Conterminous United States. This thematic map, as well as state GPR soil suitability maps, has largely replaced the 1954 FCC map as a guide for projecting the relative suitability of soils to GPR.
The Ground-Penetrating Radar Soil Suitability Map of the Conterminous United States shows that only 22% of the soils (colored green) are considered well suited to GPR. Thirty-six and seven percent of the soils are considered poorly and unsuited to GPR (colored brown and purple), respectively.
During the past decade, the union of GPR with GPS has permitt ed the collection of georeferenced GPR data sets, which can be manipulated and displayed in GIS or other imaging soft ware. This synergy has greatly improved the utility of GPR in soil investigations. In addition, newly developed interactive interpretation modules provide for the rapid, semi-automatic "picking" of subsurface features. This has expedited interpretations and has resulted in the compilation of large data sets that are automatically transcribed into layer fi les, which can be imported into GIS or Excel spreadsheets for analysis.
Ground-penetrating radar has changed considerably over the years. Present GPR systems are well suited to soil investigations. Within USDA-NRCS, the number of radar operators has expanded greatly in this century. Presently there are 15 radar units located in 12 states [AR, CA, CT, FL (3), GA (2), MA, RI, PA, NC, NJ, WI, and WV]. Many universities have GPR systems and are using them in a wide variety of research activities. As many new radar operators are recent college graduates, they have introduced new and more contemporary skill sets. Using advanced analysis and display formats, they are exploiting the full digital data and analysis capabilities of modern GPR systems.
Rapidly advancing and often leapfrogging technologies have changed the way GPR soil investigations are being conducted. Present GPR systems are intergraded with GPS, and results are often displayed in GIS.
Over the years, GPR has been able to adjust to new areas of emphasis. In recent years, it has been successfully used to characterize and map subaqueous and anthropogenic soils. It has also been extensively used in hydropedological and hydrogeophysical investigations. Here, it is being used to characterize soil, stratigraphic, and lithologic structures that infl uence the movement of water in both the saturated and unsaturated zones at scales ranging from several meters to watersheds.
A Firm Foundation for GPR
Today, GPR rests on a fi rm foundation in soils and agriculture. Younger minds, exploring new areas of application, are continually putt ing out new additions onto this foundation. These younger, more innovative minds are fi nding new ways to process and archive radar data so that they will not be lost as has been the case in the past. They are open to the use of diff erent technologies with GPR and seek new avenues for its use. For those interested in learning more about GPR, there have been numerous dissertations and articles writt en on its theory and application. Several books have been writt en expressly on GPR (e.g., Daniels, 2004; Jol, 2009; Miller et al., 2010) while others have chapters devoted to GPR (e.g., Allred et al., 2008; Rubin and Hubbard, 2006) . International conferences are held specifi cally for GPR, while others have papers presented on the topic. In addition, several focus groups have been established in professional organizations devoted to near-surface geophysics.
Looking back on the last thirty years, I am pleased with the modest advancements that have been made with GPR in soils and agriculture and the even greater progress that has been made in system design and signal-processing procedures. I am confi dent that, in the future, GPR will have an expanded role to play in both soil and agriculture research and applications. My journey with GPR is almost over, and it has been a most enjoyable ride.
